ABSTRACT Ascites syndrome is a metabolic disorder found in modern broilers that have insufficient pulmonary vascular capacity. Commercial breeding programs have heavily focused on high growth rate, which led to fast-growing chickens, but as a negative consequence, the incidence of ascites syndrome increased. However, not all birds with a high growth rate will suffer from ascites syndrome, which might indicate a genetic susceptibility to ascites. Information on blood gas parameters measured early in life and their relation to ascites susceptibility is expected to contribute to identification on the cause of ascites syndrome. In this study, several physiological parameters, such as blood gas parameters [pH, partial pressure of CO 2 in venous blood (pvCO 2 ), and partial pressure of O 2 in venous blood], hematocrit, electrolytes (Na + , Ca 2+ , and K + ), metabolites (lactate and glucose), were measured at d 11 to 12 of age from 100 female and 100 male broilers. From d 14 onward, the birds were challenged to provoke the development of ascites syndrome. Our results showed that high pvCO 2 values together with low pH values (males) or high pH values (females) in the venous blood of juvenile broilers coincided with ascites. Therefore, blood pvCO 2 and pH in both juvenile male and female broilers seem to be critical factors in ascites pathophysiology and can be used as phenotypic traits to predict ascites susceptibility in juvenile broilers at d 11 to 12. A prediction model was built on a subpopulation of the broilers without any loss in sensitivity (0.52) and specificity (0.78) when applied to the validation population. The parameter sex was included in the prediction model because levels of pvCO 2 and pH that associated with ascites susceptibility are different between males and females. Commercial breeders can include these phenotypic traits in their genetic selection programs to reduce the incidence of ascites syndrome.
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The use of blood gas parameters to predict ascites susceptibility in juvenile broilers
INTRODUCTION
Ascites syndrome is a metabolic disorder found in modern broilers that have insufficient pulmonary vascular capacity. Ascites syndrome develops in individuals that fail to fully supply the increasing demand for O 2 . This especially occurs under ascites-inducing conditions such as high altitude or low ambient temperatures. Commercial broiler breeding programs have heavily focused on high growth rate (GR), which has led to fast-growing chickens (Julian, 2000; Havenstein et al., 2003) . As a negative side effect of this selection, the incidence of ascites syndrome increased (Druyan et al., 2008) . Ascites syndrome leads to increased mortality, reduced BW, increased condemnations at slaughter, and thus to substantial losses to the broiler industry worldwide (Wideman, 1988; Julian, 1993 Julian, , 2000 Wideman et al., 1999) .
However, not all birds with a high GR will suffer from ascites syndrome. Druyan et al. (2008) concluded that only the genetic-susceptible chickens that exhibit a fast GR will suffer from ascites syndrome. Because the slow-growing chickens that are susceptible to ascites will not suffer from ascites syndrome, it is difficult to select those to remove from the breeding stock. Pakdel et al. (2005) found that the genetic correlation of BW with the weight of the right ventricle as a percentage of the total ventricle weight (heart ratio) was 0.30. However, the genetic correlations with other ascites-related traits were moderate, which indicates that there are good opportunities for multitrait selection for improved BW and resistance to ascites syndrome. In another study by Balog et al. (2003) , no genetic relationship between GR and ascites susceptibility was found. Further enhancement of broilers' GR without an increase in the incidence of ascites syndrome in broiler flocks is, therefore, still possible (Balog et al., 2003; Pakdel et al., 2005; Druyan et al., 2008 Druyan et al., , 2009 ). Growth potential is determined by the early GR, and therefore, physiological parameters that can predict ascites susceptibility in unchallenged juvenile broilers would allow multitrait selection for improved BW and ascites resistance. Reeves et al. (1991) noticed that ascites-susceptible chickens suffer from relative hypoventilation at an early age, which may cause an elevated partial pressure of CO 2 in blood. Later studies by Scheele (1996) , Buys et al. (1999) , Olkowski et al. (1999) , and Scheele et al. (2003a Scheele et al. ( , 2005 confirmed these findings. They found in different fast-growing broiler breeds striking variability in partial pressure of CO 2 in venous blood (pvCO 2 ): markedly high pvCO 2 values at 2 wk of age predicted high values for heart ratio at 5 wk of age.
Information on blood gas parameters measured early in life and their relation to ascites susceptibility is expected to contribute to identification of the cause of ascites syndrome, and it will increase the knowledge about the fundamental physiological processes involved. Furthermore, blood gas parameters might make it possible to predict ascites susceptibility in juvenile broilers. Availability of early predictors will allow breeders to select against ascites susceptibility in their broiler populations at an early stage.
In this study, several physiological parameters, such as blood gas parameters [pH, pvCO 2 , and partial pressure of O 2 in venous blood (pvO 2 )], hematocrit (HCT), electrolytes (Na + , Ca 2+ , and K + ), metabolites (lactate and glucose), were investigated as candidate predictors for ascites susceptibility in juvenile broilers before ascitic signs became clinically visible. Based on the outcome, a prediction model was built to quantify how well ascites susceptibility can be predicted based on physiological parameters. Subsequently, commercial breeders can include these phenotypic traits in their genetic selection programs to reduce the occurrence of ascites syndrome and to improve animal welfare.
One fast-growing broiler sire line was used and the role of hematological characteristics, measured at d 11 to 12, from 100 female and 100 male broilers, before the challenge at d 14, was substantiated to the development of ascites syndrome in broilers. From d 14 onward, the birds were challenged to provoke the development of ascites syndrome. In contrast to the previous studies, not only males but also females were used as experimental chickens and this more resembles the commercial practice. Because females exhibit a slower GR, clinical signs of ascites syndrome will not always be visible and therefore, early predictors will help to identify the genetic-susceptible females.
MATERIALS AND METHODS

Experimental Population and Phenotyping
The experiment was carried out by licensed and authorized personnel under approval of Hendrix Genetics (Boxmeer, the Netherlands). The experimental population consisted of 200 birds from a broiler sire line: 100 females and 100 males. The chickens in the experiment were kept under a cold temperature regimen to challenge their susceptibility for ascites. The temperature was 30°C at the time of hatching and was gradually reduced to 12°C at 14 d of age. The temperature remained 12°C until the end of the experiment when the chickens were approximately 7 wk of age. The chickens were group-housed with 20 birds/m 2 , they had ad libitum access to commercial broiler feed containing 12,970 kJ/kg, and they were exposed to 23 h of light per day during the entire experiment. Except for the applied temperature schedule, the chickens were kept under conditions that closely resembled commercial practice. The males were slaughtered at 47 d of age, and the females were slaughtered at 48 d of age.
Venous blood samples and BW of the chickens were collected when the chickens were 11 d (males) and 12 d (females) old and at the age of 33 to 34 d and 47 to 48 d. The following blood gas and physiological parameters were analyzed (GEM Premier 3000, Instrumentation Laboratories, Lexington, MA): blood pH, pvCO 2 , pvO 2 , Na + , Ca 2+ , K + , glucose, lactate, and HCT. Sample phenotypes were not obtained when a clot of blood passed the sensor. Venous blood samples were collected one by one and the blood gas analysis was performed immediately.
The weight of the heart ventricles was determined after slaughter at 47 to 48 d of age. The heart ratio was calculated by the weight of the right ventricle as a percentage of the total ventricle weight. Postmortem dissection was performed on the birds that died during the experiment at the day of their death and on the slaughtered animals at 47 to 48 d of age. Chickens that showed signs of ascites syndrome (fluid accumulation in the heart sac or hepatoperitoneal spaces, or both) were assigned a health status (HS) of 1 (i.e., ascitic) and chickens that showed no signs were assigned a HS of 0 (i.e., nonascitic). Heart ratio was not determined on the birds that died before the end of the experiment and therefore, the HS was used as a standard to distinguish between ascitic and nonascitic chickens.
Statistical Analysis
All statistical analyses were performed in SAS (SAS Institute Inc., Cary, NC). The PROC GLM procedure in SAS was used to test if traits differed significantly between nonascitic and ascitic birds using the following model:
y ij = μ + HS i + Sex i + HS i × Sex i + e ij ,
BLOOD GAS PARAMETERS AND ASCITES IN JUVENILE BROILERS
where y ij = BW, heart ratio, blood gas parameters, or HCT; HS = class variable indicating if the bird shows signs of ascites syndrome (fluid accumulation in the heart sac or hepatoperitoneal spaces, or both) or no signs of ascites syndrome during the experiment or at 47 to 48 d of age; Sex = class variable indicating if the bird is a male or a female; HS × Sex = interaction between HS and sex; and e ij = the random residual.
A logistic regression analysis was used to build a model that would predict the HS based on the sex of the broiler and the blood gas parameters measured on d 11 to 12 that showed a significant HS × sex interaction effect:
where p i = probability if animal i is ascitic or nonascitic (cutoff point of 0.30: P < 0.30: nonascitic; P ≥ 0.30: ascitic); x = the intercept; y = the estimated effect of sex of the broiler; w = the estimated effect of pvCO 2 ; and z = the estimated effect of pH.
The model was fitted based on the measured values of 100 broilers (model population) that were randomly selected by SAS. Subsequently, the model was validated by predicting the HS of the remaining 100 broilers (validation population). The sensitivity and specificity and the predictive value of the ascitic HS and the predictive value of the nonascitic HS of the model were calculated and compared between the model population and the validation population to measure the accuracy of the model. The sensitivity of the model is the probability for a positive result given that the bird is truly ascitic. The specificity of the model is the probability for a negative result given that the bird is truly nonascitic. This was repeated 10 times and each time SAS selected 100 broilers randomly to fit the model. Table 1 represents an overview of the number of alive and dead ascitic and nonascitic chickens, overall and per sex, at the 3 different time points under cold stress conditions. Forty-seven out of 200 broilers were classified as ascitic, whereas 153 out of 200 broilers were classified as nonascitic. This high incidence of ascites syndrome (23.5%) may imply the high susceptibility of this broiler sire line to ascites syndrome and the extremeness of the challenge. None of the ascitic broilers died before the end of wk 5, whereas 45 (22.5%) of the nonascitic broilers did. The cause of the death of the nonascitic broilers is unknown. At the day of slaughter, 28 out of the 47 ascitic broilers (59.5%) were dead due to ascites syndrome and 57 out of the 153 nonascitic broilers (37.3%) due to an unknown cause. Overall, 14% (28 out of 200) of all broilers actually died during the experiment due to ascites syndrome. Thirty percent of the males were ascitic and eventually 20% of the males died due to ascites syndrome, whereas in females, 17% were ascitic and at the end of the experiment 8% were dead due to ascites syndrome. Overall, 54% of the males and 31% of the females died during the experiment. Males appear to be more susceptible to the cold stress conditions and to the ascites syndrome than females. 
RESULTS
Descriptive Statistics
Predictability of Ascites Signs Shown at 47 to 48 d of Age
The probability values of significant effects of HS and sex and their interactions on BW, pH, pvCO 2 , pvO 2 , Na + , K + , Ca 2+ , glucose, lactate, HCT, GR, and heart ratio at the 3 different time points under cold stress conditions are given in Table 3 . All mean values per combination of HS and sex for the parameters that showed significant (P < 0.05) interaction values at one of the different time points (pH, pvCO 2 , and glucose) are shown in Table 4 . 33 to 34  45  45  0  24  24  0  21  21  0  Day 47 to 48  85  57  28  54  34  20  31  23  8 An interaction effect of HS × sex on pvCO 2 values at d 11 to 12 accentuated that effects of HS on pvCO 2 values were different for both sexes (P < 0.05; Table  3 ). Mean pvCO 2 values of ascitic males at d 11 to 12 were noticeably higher than those of ascitic females. Mean pvCO 2 values of nonascitic males at d 11 to 12 were noticeably higher than those of nonascitic females (Table 4 ).
An additional interaction effect of HS × sex on pH values at d 11 to 12 accentuated that effects of HS on pH values were different for both sexes (P < 0.05; Table  3 ). Mean pH values of ascitic males at d 11 to 12 were noticeably lower than those of ascitic females. Mean pH values of nonascitic males at d 11 to 12 were noticeably lower than those of nonascitic females (Table 4) .
Another interaction effect of HS × sex on glucose values at d 33 to 34 (during the challenge period) accentuated that effects of HS on glucose values were different for both sexes (P < 0.05; Table 3 ). Mean glucose values of ascitic males at d 33 to 34 were noticeably higher than those of ascitic females. Mean glucose values of nonascitic males at d 33 to 34 were noticeably higher than those of nonascitic females (Table 4) .
By absence of interaction effects for all other traits at the different time points and for the 3 previous traits at the other 2 different time points, only main effects per HS or per sex, or both, of certain traits are given in Table 5 . For all of the other traits measured at d 11 to 12, no significant interaction effects of HS × sex and no significant effect of HS were found. However, a Table 2 . The mean and SEM for BW, blood gas parameters, heart ratio (Ratio), and growth rate (GR) of the broilers at the different time points of measurement Table 3 . Probability values of significance of main and interaction effects of the 2 experimental factors [health status (HS) and sex] on BW, blood gas parameters, heart ratio (Ratio), and growth rate (GR) values of the broilers determined at 3 different time points of measurement 3 NS = nonsignificant (P ≥ 0.05).
*P < 0.05; **P < 0.01; ***P < 0.001. significant (P < 0.05) effect of sex was found for values of pvO 2 , whereas highly significant (P < 0.001) differences between sexes were found for values of BW and HCT. Females showed significantly higher values for BW, pvO 2 , and HCT in comparison to males. At d 33 to 34, at 20 d of treatment, significant HS effects were found for BW (P < 0.05) and pvO 2 (P < 0.001). Nonascitic broilers had a higher BW and higher values for pvO 2 than ascitic broilers. Between sexes, significant effects were found for pH (P < 0.05) and pvO 2 (P < 0.01). In female broilers, the values for pH and pvO 2 were significantly higher than in males.
At d 47 to 48, at the day of slaughter, no traits differed significantly within and between sexes. Ascitic broilers showed significantly higher values for pvCO 2 and HCT (P < 0.01) and for heart ratio (P < 0.001) but significantly lower values for pvO 2 (P < 0.01) and for BW (P < 0.001). Male broilers were shown to have significantly higher values for pvCO 2 and HCT (P < 0.01) and for BW and heart ratio (P < 0.001) than female broilers. However, female broilers showed significantly higher values for pH (P < 0.05) and pvO 2 (P < 0.01).
The designed model based on half of the total population (i.e., 100 broilers, model population) was accurate in predicting the HS of the validation population. dicted 52% of all ascitic broilers (sensitivity) and 78% of all nonascitic broilers (specificity). With the model, 43% of the broilers that were predicted as ascitic were truly ascitic, whereas 84% of the broilers that were predicted as nonascitic were truly nonascitic.
DISCUSSION
The objective of the present study was to evaluate whether specific physiological blood parameters (blood gases, pH, electrolytes, metabolites, and HCT) could be used as candidate predictors for ascites susceptibility in juvenile male and female broilers before real ascitic signs become clinically visible. For the first time, specific physiological blood parameters were evaluated in female broilers. Based on the outcome, a prediction model was built to quantify how well ascites susceptibility can be predicted in male and female broilers based on physiological parameters. Subsequently, commercial breeders can include these phenotypic traits in their genetic selection programs to reduce the occurrence of ascites syndrome at sea level and to improve animal welfare.
From all of the parameters measured at d 11 to 12, only pH and pvCO 2 were significantly different between ascitic and nonascitic broilers and also between males and females. High pvCO 2 values and low pH values detected at d 11 to 12 in male broilers predicted a HS of 1, whereas high pvCO 2 values and high pH values detected at d 11 to 12 predicted a HS of 1 in female broilers. Male broilers have a higher metabolism than female broilers. A higher metabolism can result in respiratory acidosis, which leads to higher blood pvCO 2 values and lower pH. This may be an explanation for the observed pH difference between males and females and the lower pH values detected in ascites-susceptible males.
In addition, no relationships between all of the other measured physiological parameters and ascites susceptibility (HS) were found. Previous studies by Scheele et al. (2003a Scheele et al. ( , 2005 also reported the significant association between high pvCO 2 values at d 12 and high heart ratio. In our study, we found a significant association between heart ratio and HS at d 47 to 48. Hereby, we concluded that HS is a reliable parameter to distinguish between nonascitic and ascitic broilers. Because heart ratio, previously used as an indicator for ascites susceptibility, was not measured on the chickens that died before the end of the experiment, the HS that was given to those chickens represented the ascites susceptibility of those dead chickens very well. Olkowski et al. (1999) and Scheele et al. (2003a) already showed that hypercapnia (high pvCO 2 ) in juvenile broilers (d 11) was significantly associated with ascites susceptibility. In the study of Scheele et al. (2003a) , they also showed that differences in pvO 2 at 4 wk are related to differences in pvCO 2 measured at d 11. The same relationship was found in our study. At d 33 to 34, we found a significant association between pvO 2 values and ascites susceptibility. These differences in pvO 2 were not found at d 11. The low levels of pvO 2 (hypoxemia) at d 33 to 34 in the ascites-susceptible broilers can be an outcome of the higher pvCO 2 levels in those broilers at d 11 to 12. Furthermore, hypoxemia induces high HCT values and our results confirm this. At d 47 to 48, higher HCT values are significantly associated with ascites susceptibility. Scheele et al. (2005) went a step further and they concluded that hypercapnia combined with low pH values and followed by hypoxemia, which induces high HCT values, provoked a significant increase in the incidence of ascites syndrome in male broilers and higher heart ratio. In our study, we also found this combined effect of hypercapnia and low pH values (acidosis) at d 11 to 12 but only in the male broilers. In a situation of hypercapnia and acidosis, the affinity of hemoglobin for O 2 will decrease (Jensen et al., 1993) . Therefore, hypercapnia and acidosis in venous blood may be beneficial because O 2 release toward tissues is facilitated. Results of investigations by Anderson et al. (1996) with micro pigs suggested that hypercapnia and a decreased pH participate in blood pressure regulation. Fontana et al. (2000) revealed that high pvCO 2 values had a dominant effect on the release of endothelin-1 (a potent vasoconstrictor peptide), which highlights the relationship between hypercapnia and increased pulmonary arterial pressure followed by right ventricular hypertrophy and ascites.
However, in female broilers, this relationship was not found. In ascitic female broilers, hypercapnia in the venous blood coincided with higher pH values at d 11 to 12. Perhaps other physiological processes are involved in ascites susceptibility in female broilers. On the other hand, pvCO 2 seems to be the major physiological parameter in broilers that contributes to ascites susceptibility (P < 0.001), whereas pH values only contribute to a smaller extent (P < 0.05). All other physiological parameters that were measured showed only significant differences between males and females. Our results show that the incidence of ascites syndrome is much higher in males than in females (30 vs. 17%). The significant differences between broilers of different sexes in concentration of all measured physiological parameters might result in a difference between male and females broilers in susceptibility to ascites. Only 17 out of 100 female broilers showed any signs of ascites and death occurred mostly during the last week of the experiment. However, in male broilers, this occurred earlier. A prolongation of the experiment would be preferable to detect any signs of ascites in female broilers. Because female broilers have a lower GR than male broilers, ascitessusceptible female broilers will exhibit signs of ascites later in life. Because of this, not all ascites-susceptible female broilers were scored as ascitic.
The overall mortality of 22.5% at d 33 to 34 was high in comparison with other studies, 16% found by Pakdel et al. (2002) and 10% found by Closter et al. (2009) . In the current study, a fast-growing broiler sire line was used instead of a broiler dam line (Closter et al., 2009) and a cross between 2 genetically different outcross broiler dam lines (Pakdel et al., 2002) . Scheele et al. (2005) found a big difference in ascites susceptibility between dam lines (3.8 to 5.8%), sire lines (19.2 to 27.8%), and broiler crosses (7.7%). A fast-growing broiler sire line was used in our study and the high mortality rate of 22.5% validates the results of Scheele et al. (2005) . A fast-growing broiler sire line is even more susceptible to environmental changes. The average BW at d 33 to 34 was 1,834 g and this was higher than the 1,604 g found by Pakdel et al. (2002) and 1,146 g found by Closter et al. (2009) . Surprisingly, none of the broilers that died before the measurements at d 33 to 34 showed any signs of ascites syndrome (fluid in the heart sac or in the hepatoperitoneal spaces, or both). Death due to ascites syndrome started after d 33 to 34 and this is partly in agreement with the findings of Decuypere et al. (2000) . The overall high incidence of ascites syndrome (23.5%) implies the high susceptibility of this broiler sire line to ascites syndrome. The recorded ascites mortality (14%) is comparable to the 17.2% mortality found by Druyan et al. (2007a) .
Our results also show that there is no association between rapid early growth and ascites susceptibility. No significant difference was found in BW at d 11 to 12 between ascitic broilers and nonascitic broilers. This is in agreement with the findings of Luger et al. (2001) and Druyan et al. (2007b Druyan et al. ( , 2008 Druyan et al. ( , 2009 . At d 33 to 34 and 47 to 48, BW was significantly different between ascitic and nonascitic broilers and the BW was significantly lower in ascitic broilers. The same significant difference was also found by Druyan et al. (2009) .
The fact that there is no association between BW at d 11 to 12 and ascites susceptibility is of major importance for the breeding companies. Multitrait selection for improved BW and resistance to ascites is possible in broilers.
Furthermore, our results are in agreement with previous findings that an increased susceptibility to ascites is not necessarily linked to high HCT values in juvenile chickens (Buys et al., 1999; Luger et al., 2001; Scheele et al., 2003b; Druyan et al., 2009 ).
In conclusion, high pvCO 2 values together with low pH values (males) or high pH values (females) found in the venous blood of juvenile broilers coincided with ascites. Therefore, blood pvCO 2 and pH in juvenile broilers, both in males and females, seem to be critical factors in ascites pathophysiology and therefore can be used as phenotypic traits to predict ascites susceptibility in juvenile broilers at d 11 to 12. It is clear that pvCO 2 shows the most significant association with ascites susceptibility and therefore, pvCO 2 is the most important parameter to take into account. The other parameters, pH and sex, have an additive effect that improves the accuracy of the prediction model. Including the parameter sex in the model is necessary because levels of pvCO 2 and pH that associate with ascites susceptibility are different between males and females. The prediction model can be built on a subpopulation of the broilers without any loss in sensitivity and specificity when applied to the validation population. Commercial breeders can include these phenotypic traits in their genetic selection programs to reduce the occurrence of ascites syndrome and to improve animal welfare.
In addition, the results from our study reveal important relationships between pvCO 2 and pH values at d 11 to 12, pvO 2 values at d 33 to 34, and HCT values at d 47 to 48. This cascade of events may contribute to an increased pulmonary arterial pressure followed by right ventricular hypertrophy and finally ascites. This will help us to increase our knowledge of the fundamental physiological processes involved in ascites syndrome.
